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INTRODUCTION
Lightning currents are characterized by a frequency spectrum extending from DC to a few MHz. Broadband resistive shunts (e.g. [1]) represent an ideal solution for the measurement of lightning currents as their output is a faithful reproduction of the current associated with various phases of a lightning discharge (in the case of upward discharges, i.e., the initial continuing current, superimposed pulses, and return strokes). However, such a solution is not always possible because it requires the installation of the shunt on the top of the tower.
Another solution often adopted for the measurement of lightning currents on instrumented towers is the use of Rogowski coils (e.g. on the CN Tower in Canada [2] ). Rogowski coils can, in principle, have a frequency response down to the Hz or even mHz region and they should be able to record initial continuing currents associated with upward flashes (see i.e. [3] ). However, their high frequency response is limited by the size of the sensor and by its resonance frequency, which might be as low as some hundreds of kHz. As a result, the current risetime and time-derivative might be affected by the high frequency shortcomings of Rogowski coils.
In this study, we investigate the use of B-dot sensors located in the immediate vicinity of the instrumented tower to measure the high frequency content of the lightning current, assuming proportionality between magnetic field and current. The study is carried out in the framework of the project to instrument the Santis telecommunications tower in Switzerland, which we refer to as "the proj ect" hereafter [4] [5] .
The paper is organized as follows: Section 2, presents the characterization of the acquired commercial Rogowski coils. In Section 3, we present a specially designed B-dot sensor with improved characteristics with respect to conventional loops used for the measurement of magnetic fields from lightning. Section 4, presents comparative laboratory testing of both Rogowski and B dot sensors. Conclusions are given in Section 5. Two sets of Rogowski coils were purchased for the project and were installed on the Santis tower for the measurement of lightning currents. The characterization presented here refers to the period before the actual installation.
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The coils are characterized by resonance frequencies in the order of 1 MHz. Therefore they are equipped with a resistor placed across the coil output to damp oscillations related to the resonances.
2.2
Evaluation of the Rogowski coils' response
A simple model of a Rogowski coil with its integrator is shown in Fig. 1 , in which Vo is the output voltage of the coil and 1 is the current to be measured [6] . Note that an ideal coil produces an output signal Va proportional to the current derivative. An integrator is therefore added to obtain an output voltage Vint proportional to 1. 
I
and, in the frequency domain
where N is the turns/length ratio and S is the cross sectional area of the coil. The electrical model of Fig. 2 can be used to represent more accurately the response of the Rogowski coil. In that figure, Ro, Lo and Co are, respectively, the resistance, the inductance and the capacitance of the coil, and Zx is the equivalent input impedance of the integrator (including the cable connecting the coil to the integrator and the damping resistance).
Typical values for the coil inductance and capacitance Assuming to a first approximation that the input impedance of the integrator is frequency-independent, we write Zx=Rx. Under this approximation, the frequency response of the system is given by
The simulated response of the coil as a function of frequency and for different values of Rx is shown in Fig.  3 . The same response taking into account the presence of an integrator (assumed to be ideal) is presented in Fig. 4 .
As can be seen in figures 3 and 4, to ensure an output voltage proportional to the current derivative, a high impedance must be seen by the coil. The use of long coaxial cables should therefore be avoided to prevent ringing when that high terminal resistance is used. In order to overcome the limited high frequency response of Rogowski coils, we propose to use magnetic loops located very close to the tower mast, at a distance from the axis of a few meters, where dB/dt should be proportional to di/dt [7] . A simple loop presents some disadvantages, namely, (i) the limitation of the high frequency response by the resonance of the magnetic loop inductance and the capacitance of the connected cable, and (ii) the need of a high-impedance termination, which might result in contamination of the waveform through multiple reflections.
3.1
Loop resonance frequency
To illustrate the limitations of a classical loop antenna, we present now an analysis of the salient characteristics of a simple wire loop. The impedance of the loop can be considered to be essentially inductive. The self inductance of a circular loop of radius R is given by [8] 
in which rw is the radius of the loop wire, which is assumed to be much smaller that the radius R of the loop. For typical values of R = 14cm and rw = 1 mm, the resulting inductance is about 473 nR. A load capacitance in the order of 500 pF (corresponding to a 5-m long RG-58 cable) would result in a resonance frequency of about 10 MHz. The response of the sensor to fast-rising currents might be somewhat affected by the resonance frequency, especially considering that the sensor is measuring the derivative of the magnetic field. Although this frequency seems high enough for lightning applications, we will see in the next section that the effect of the terminal impedance is the dominant limiting factor for the useful bandwidth of the sensor.
3.2
Terminal impedance
The voltage at the output of a loop is given by
where Z,.oad is the load impedance, ZLOO P is the loop impedance and emfis the electromotive force given by emf=_ d¢ (4) d t in which ¢ is the total flux through the surface of the loop.
The output voltage of the loop is equal to the emf only when ZL o o d » ZLOO P
• Assuming that the loop impedance is essentially inductive, it is given by ZLOO P = j(j)L .
Imposing the condition that ZL oad should be at least ten times higher than ZLOO P , the upper frequency limit would be about 2 MHz for the considered circular loop (R = 14cm and rw = 1 mm) and assuming a load impedance of 50 ohm.
3.3
Improved design
In [9] [10] , Baum has proposed an improved design of B-Dot sensors which does not have the above-mentioned shortcomings. Specifically, the inductance is lowered by extending the vertical dimension of the loop, with the overall effect of extending the operating frequency range. To overcome the integrating behavior of the loop when connected to low-impedance loads (such as 50 Ohm), an arrangement of 100-Ohm-impedance cables connected across conical-transmission-line gaps [11] and presenting a total impedance of 400 Ohms to the loop, is proposed.
Based on Baum's studies, a sensor was designed for The newly designed B-dot sensor features, in addition, a much better immunity against the electric field, compared to conventional loops, because the signal outputs from each gap are properly combined to eliminate the electric field components induced in the gaps as done by Baum [9] [10] . 4 LABORATORY TESTING Figure 6 shows test results carried out in the high voltage laboratory of the EPFL, where an impulse current characterized by a 2.S kA amplitude and about 1 /-!s risetime was measured with a reference current sensor (Pearson Current Monitor 110) and, simultaneously, with (i) a PEM CWT 600x/S300 Rogowski coil (see specifications in Table I ) and (ii) the designed B-dot sensor (whose output was integrated numerically). The current was generated by a l.l-MV impulse generator. The B-dot sensor was located 2 m from the conductor carrying the current. It can be seen in Fig. 6 that the integrated output of the B-dot sensor follows satisfactorily the current, while the Rogowski coil provides a good picture of the current late-time response. It can also be seen that some oscillations are present in the output of the Rogowski coil, the frequency of which is in the order of MHz. These oscillations are essentially due to the imperfect matching of the coil output, as discussed in Sect. 3.2.
Based on the schematics in Fig. I and Fig 2, we simulated the circuit using Spice as shown in Fig. 8 . An input reference current is derived with respect to time and applied to the coil model. The signal out of the coil in injected into a model for the output cable and then to the integrator model. The integrated output is then low-pass filtered.
The simulation results are shown in Fig. 7 for different output cable lengths. Oscillations similar to those observed in the measurements can be seen in the simulation results. The simulations show that the oscillations are due to the presence of the S-m long connecting cable. Reducing the cable length to 1 m, the oscillations on the output are reduced considerably.
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Time(�) Figure 6 . Test results It is emphasized that, for the Rogowski coils, the use of long coaxial cables should be avoided to prevent ringing.
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In order to overcome the limited high frequency response of the Rogowski coils, we proposed to use magnetic loops located very close to the tower. We showed that the use of conventional loops (B-dot sensors) might be inadequate on the one hand because of the limitation of their high-frequency response by the resonance of the magnetic loop inductance and the capacitance of the connected cable. On the other hand, conventional loops require the use of a high-impedance termination, which might result in contamination of the waveform through multiple reflections when relatively long cables are used.
We proposed to use an improved design for the B-dot sensor based on the works of Baum which does not have the above-mentioned shortcomings. Specifically, the inductance is lowered by extending the vertical dimension of the loop, with the overall effect of extending the operating frequency range. To overcome the integrating behavior of the loop when connected to low-impedance loads (such as 50 Ohm), an arrangement of 100-Ohm-impedance cables connected across conical-transmission-line gaps is proposed. The designed sensor is characterized by an upper frequency cutoff of 20 MHz and a 50 Ohm matched termination.
Laboratory tests carried out in the high voltage laboratory of the EPFL showed the effectiveness of the joint use of Rogowski coils and B-dot sensors for the measurement of lightning currents. 
